Background: Peptidylglycine ␣-hydroxylating monooxygenase catalyzes the generation of C-terminal carboxamides of peptide hormones, neurotransmitters, and growth factors for biological activation.
Copper-containing enzymes play a critical role in the nervous system of mammals. These enzymes catalyze the generation of C-terminal carboxamides of peptide hormones, neurotransmitters (e.g. oxytocin), and growth factors. Therefore, these enzymes are targets of drug design for human diseases such as autoimmune disorder, depression, or cancer.
Peptidylglycine ␣-amidating monooxygenase (PAM) 3 is a bifunctional enzyme whose task is the post-translational C-ter-minal amidation of small peptides. Unexpectedly, the amidation is not done by transferring an NH 2 group; nature's clever trick is the N-oxidative cleavage of a glycine-extended prohormone instead. Many neuroendocrine messengers are small peptides post-translationally amidated by PAM.
PAM contains two components, a monooxygenase and a lyase, that are separated either by endoproteolytic cleavage or independent gene expression (1, 2) . The peptidylglycine ␣-hydroxylating monooxygenase (PHM; EC 1.14.17.3) is a bicopper enzyme that hydroxylates the terminal glycine of small neurologically active peptides, such as oxytocin, substance P, thyrotropin, and calcitonin (1, 2) . The second part of PAM is peptidyl ␣-hydroxylglycine-␣-amidating lyase (PAL; EC 4.3.2.5), and transforms the products of PHM into the final amidated peptides and glyoxylate. PAL requires a metal center to function. It may as well use other metals apart from copper (3) . Fig. 1 shows details of the reaction. Because of the relationship of some amidated peptides with cell and tumor growth (2, 4, 5) , inhibitors of PAM have been proven to reduce the growth of tumors (4, 6) .
The two copper atoms in PHM are noninteracting. They are in two different subunits of the protein separated by a solventexposed gap of 11 Å (7) . Both coppers are essential for the protein to function (8) , and they cycle through cupric and cuprous oxidation states during the catalysis.
These coppers are denoted in literature as Cu H and Cu M (sometimes Cu A and Cu B , respectively), due to their bonds to neighboring amino acids. Cu H is bonded to three histidine residues (His-107, His-108, and His-172 in PHM from Rattus norvegicus), whereas Cu M is bonded to two histidines and one methionine (His-242, His-244, and Met-314). In the crystal structure of the precatalytic complex (7) Cu M adopts a tetrahedral coordination, with the methionine sulfur and histidine N⑀ atoms at three of the coordination positions and one oxygen atom from O 2 at the remaining one. Cu H adopts a trigonal planar one, with N␦ of the three histidines at the three coordination positions (7) . Molecular oxygen is bound to Cu M , and the substrate is located close to Cu M as well, so this copper atom is part of the reaction active site. The role of the other copper atom (Cu H ) is not known, but there is evidence that it works as an electron reservoir and transfers electrons to Cu M during the reaction (7, 9 -12) .
The overall reaction of PHM consists of a stereospecific hydroxylation of the pro-S hydrogen (13) , using molecular O 2 as oxygen source (14) . Additionally, two electrons and two protons are consumed during the reaction (Fig. 1) . Ascorbate is the best (but not the only possible) reductant (15) . In the protein resting state, both copper atoms are in the ϩ2 oxidation state and are reduced by ascorbate to ϩ1 (16) . Molecular oxygen then binds to Cu M as the substrate binds to the protein (7) .
Several mechanisms have been suggested for the next step, the hydroxylation, but a completely satisfactory mechanism is still an open question. Consensus has been reached in the fact that a neutral H ⅐ atom is abstracted from glycine (2, (17) (18) (19) . However, several abstracting species have been considered. Prigge et al. (7) suggested Cu M ϩ -O 2 Ϫ 7 Cu M 2ϩ -O 2 2Ϫ as the abstracting species based on the crystal structure. Gas phase density functional theory calculations with a truncated model of the protein by Chen and Solomon (19, 20) suggested a Cu(II)superoxo species to be responsible for the abstraction of the glycine hydrogen. This mechanism was ruled out by Crespo et al. (21) because including the environment of the protein in a QM/MM fashion enlarged the energy barrier up to 84 kJ mol Ϫ1 (gas-phase calculations by Chen and Solomon (19, 20) gave a value of ϳ60 kJ mol Ϫ1 for the energy barrier). Instead, Crespo et al. (21) suggested Cu-oxo as a possible species, because of the small energy barrier involved, similar to the reaction mechanism suggested for the homologous dopamine ␤-monooxygenase (EC 1.14.17.1) by Kamachi et al. (22) . A hydroxo species has been ruled out by Chen and Solomon (19) , by Crespo et al. (21) , and by Kamachi et al. (22) in dopamine ␤-monooxygenase.
Francisco et al. (23, 24) found a large value of the KIE (a primary hydrogen/deuterium kinetic isotope effect of 10.6 Ϯ 0.8 at 37°C and pH 6), and they concluded that atom tunneling should be important in the hydrogen abstraction (24) . Their findings imply two things as follows: first, the energy barrier for H ⅐ abstraction is large and thin enough to enhance atom tunneling; second, the hydrogen abstraction is at least partially rate-limiting, competing with the loss of the substrate step of the catalytic cycle. This experimental finding contradicts the mechanism suggested by Crespo et al. (21) , because a very small energy barrier does not lead to a significant KIE. Klinman and co-workers (10, 25) suggested a Cu(II)-superoxo mechanism, similar to the one proposed by Solomon and co-workers (19, 20) , based on experimental indications but without computational backup. Based on recent QM/MM calculations (12) , it was argued that the high barrier for the Cu(II)-superoxo case is a spurious effect of the lack of relaxation of the solvent.
There are several proposals for the next step, the OH rebinding. They can be divided into two main groups as follows: direct OH rebinding from the copper-oxygen moiety (9, 19, 21, 22) or an inner sphere alcohol intermediate (10, 12, 26) . Because OH rebinding is not rate-limiting, experimental evidence of that step is hard to obtain. Theoretical studies mainly point toward direct rebinding (19, 21, 22 In this work we present a systematic theoretical study of the reaction mechanism, taking all possible abstracting species into account. Two protons are consumed during the reaction, but it is not known in which order compared with hydrogen atom abstraction from the substrate. An electron transfer from Cu H to Cu M at some point of the reaction is likely. This means that the hydrogen abstraction might occur after zero, one, or two protons, and/or an extra electron was delivered to the cofactor. We tested all six resulting possibilities as follows: Table 1 ). The emerging and most likely mechanism has not been proposed in the literature previously.
CALCULATION DETAILS
The reaction mechanism was simulated using a QM/MM (29, 30) approach. The crystal structure at 1.85 Å resolution (7) was used as a starting point for our calculations (Protein Data Bank code 1SDW). The slow substrate N-acetyl-diiodotyrosyl-D-threonine was replaced by a Tyr-Gly dipeptide because of its structural similarity. The model substrate was truncated at its N terminus (Tyr) by an acetyl group. The C terminus of Gly remained deprotonated. Protonation states of protein residues were assigned based on the REDUCE code (31) corresponding to pH 7. The N and C termini of the protein were truncated by an acetyl group and remained deprotonated, respectively. The protein was solvated in a pre-equilibrated box of TIP3P water (32) using VMD (33) version 1.9. For molecular dynamics simulations, we used the CHARMM22 force field (34) . Copper, O 2 , and OOH were parameterized from analogy to existing moieties, and partial charges were obtained from the natural population analysis as implemented in Turbomole (see below). Both His-242 and His-244, which are ligands of Cu M , were modeled and protonated at the N␦ atoms, which are not bound to copper. Topology and parameter files for Cu/O 2 and Cu/OOH can be found in the supplemental material.
To obtain realistic initial geometries, the system was equilibrated in molecular dynamics (MD) simulations using NAMD (35) , with the crystal structure as the initial geometry. We performed separate MD runs with [CuO 2 ] ϩ and [CuOOH] 2ϩ as abstracting species (see under "Results and Discussion"). The temperature was kept at 300 K by a Langevin thermostat; a time step of 1 fs was chosen. All bond lengths involving hydrogen atoms were constrained. For the protein equilibration, cycles of minimization of 2000 steps followed by MD runs of 50,000 steps were performed, where the protein atoms were restrained (restraint parameters were lowered for each cycle: frozen protein atoms, 5.0, 2.0, and 0.1 kcal mol Ϫ1 Å Ϫ2 ). This protocol allows water molecules to penetrate cavities within the protein. Then a free MD run of 4 ns was carried out; the Langevin piston Nosé-Hoover method was used to keep the system at 300 K and 1 bar.
A snapshot was taken from the [CuO 2 ] ϩ trajectory. The frame with the shortest distance between the abstracted hydrogen and an oxygen atoms from the abstracting species was chosen, because this offers the highest probability of a low barrier. This snapshot was the starting point for our QM/MM calculations, which were carried out with the ChemShell suite (36 -38) . ChemShell interfaces several QM an MM codes, taking care of the communication between them. It also handles geometry optimization, by means of the robust and flexible geometry optimizer DL-FIND (39) . The QM part consisted of Cu M and the side chain of its three ligating residues (His-242, His-244, and Met-314), the abstracting species, the glycine substrate, and its amide bond (Fig. 2) . In several calculations, additional solvent waters that may have catalytic importance were included in the QM part. In total, between 41 and 58 atoms were considered as QM. The whole protein and all waters within 15 Å of the active site were included in the QM/MM calculations (between 6475 and 6495 atoms, depending on the snapshot, see below). All residues (or water molecules) with at least one atom closer than 8 Å to Cu M or closer than 4 Å to the abstracting species or substrate were allowed to relax. This ensures that we optimize the first two solvation layers of the active site. With respect to the QM/MM interface, we used an additive scheme with electrostatic embedding. Hydrogen link atoms, with the charge shift scheme were used for truncation of C-C bonds.
The optimization of all structures was carried out using DL-FIND (39) , which is included in ChemShell. Reactant and product geometries were optimized by means of the L-BFGS method (40, 41) . Transition states were obtained by means of the dimer method (42) as implemented in DL-FIND (43), where the two starting geometries were taken from a potential energy surface scan, using chemically intuitive reaction coordinates. Hybrid-delocalized internal coordinates (44) were used in all minimizations and dimer calculations. In case of divergence of dimer transition state searches, nudged elastic band calculations (45) , as implemented in DL-FIND (46), were employed. The transition states were refined by dimer calculations starting from the climbing image and the image with highest energy of the nudged elastic band path. The latter procedure was mainly necessary to find transition states for the OH rebinding mechanism (see under "Results and Discussion"). This approach led us to converged transition states with only one imaginary frequency.
The snapshot of the molecular dynamics run with [CuO 2 ] ϩ in the active site was used to model and compare different possible mechanisms. Different oxidation states were modeled by adding electrons to the system. A primary protonation was modeled by placing an additional proton that was bound to the O2 atom. The addition of a second proton releases a water molecule and forms a copper-oxo species (21) . In the mechanism we found to be most likely, the abstracting species is [CuOOH] 2ϩ . Thus, we ran another MD simulation with that moiety in the active site and took two more snapshots, again considering a short O-H distance as the guide for choosing the snapshot. They are separated in time by 0.44 ns and thus should be statistically independent.
For the MM part of our QM/MM system, we used DL_POLY (47) and the same CHARMM force field as we used in the classical MD simulations. For the quantum treatment of the QM part, we employed density functional theory. The exchange correlation functional is unrestricted BP86 (48, 49) as implemented in turbomole version 6.03 (50), in combination with resolution of the identity (51) . It has been shown by our group in previous work (52) that enzymatic geometries obtained with BP86 and with B3LYP coincide very well. Recently, Meliá et al. (12) showed that the choice of the exchange correlation functional does not alter the energy barriers in PHM too much; the pure functionals (PBE), hybrid functionals (B3LYP), and meta-GGA functionals (M06) barriers differ by less than 10 kJ mol Ϫ1 . We used the def2-SVP basis set (53) for the comparison of mechanisms. The most likely mechanism, with [CuOOH] 2ϩ as abstracting species, was reoptimized using the def2-TZVP (54, 55) basis set.
Nuclear quantum effects were taken into account. Harmonic zero point energy corrections were calculated for our proposed mechanism but ignored for the comparison of mechanisms. Contributions of atom tunneling were treated in an approximate manner. The crossover temperature T c , defined in Equation 1, can be interpreted as the temperature below which tunneling significantly contributes to the reaction rate (56)
where is Planck's constant, k B is Boltzmann's constant, and b is the magnitude of the imaginary frequency of the unstable mode at the saddle point. Because T c is well below room temperature in all relevant cases, tunneling is comparatively weak, and therefore simple approximations for the tunneling contribution can be used. We used transition state theory with all vibrational degrees of freedom approximated by harmonic oscillators. Along the reaction coordinate, a symmetric Eckart barrier (57) was fitted to the reaction path to match the barrier height and b . The quantum mechanical flux through that barrier, including all tunneling and nonclassical reflection contributions, is calculated analytically. The rate was corrected by the ratio of the classical rate and the analytic rate via the Eckart barrier. Note that all degrees of freedom perpendicular to the transition mode are still treated as harmonic oscillators. Both the pro-S and pro-R ␣-deuterated glycyl substrate were used in our reaction rate calculations in order to compare with experimental primary and secondary KIEs (23), respectively. Two-point difference Hessians of all QM atoms were calculated to obtain zero point energy and Eckart tunneling corrections. QM waters were taken out from the Hessian calculations because their chemical environment does not change too much from the reactant to the transition state. Moreover, including QM waters would result in the occurrence of soft modes, which may lead to numerical instabilities. In any case, a single imaginary frequency was obtained for all transition states and only real ones in reactants or products, thus validating the approximations made for the Hessian calculations.
Thermal averages of reaction barriers (58, 59) were calculated by using Equation 2,
with ⌬E av ‡ being the activation barriers of the individual snapshots, T being the absolute temperature, and R the gas constant.
RESULTS AND DISCUSSION

First Step, Hydrogen Abstraction
The first goal of our calculations was to identify the species responsible for hydrogen abstraction. As indicated in the Intro-duction, KIE measurements show that hydrogen abstraction is the rate-limiting chemical step. The crystal structure was obtained for the [CuO 2 ] ϩ form, which indicates that this form is reasonably stable. It might directly refer to the hydrogenabstracting species. Alternatively, prior to hydrogen abstraction, [CuO 2 ] ϩ can be protonated once or twice or reduced by an electron transfer from Cu H . This leaves a minimum of six possibilities for the hydrogen-abstracting species ( Table 1) . We tested all of them. From the theoretical point of view, the stability of the different species is hard to predict, which would require the calculation of pK a values or reduction potentials. Both quantities require a lot of sampling. However, we are aided by experimental knowledge. The barrier has to be large enough to explain the experimental KIE but small enough to be consistent with the experimental rate. Actually, barrierless hydrogen abstractions should be discarded, as they will not exhibit any KIEs. Apart from the barrier, the creation of a full picture to understand the reaction mechanism will be guided by various chemical properties and the thorough comparison of experimental as well as theoretical findings.
For the reaction to proceed, the abstraction of a hydrogen atom from the substrate has to have a lower barrier than the abstraction of a proton from any surrounding water molecule. These conditions turn out to be sufficient to find a unique state that represents the most likely active species ( Fig. 9) .
Generally, we observed that the barrier for proton abstraction from surrounding water decreases by reduction (addition of electrons) as expected, because the copper moiety becomes a stronger base. The barrier for hydrogen atom abstraction from the substrate was found to decrease with increasing protonations of the abstracting species. For example, in both cases in the third row (2 H ϩ ) of Table 1 , the reaction is spontaneous.
[CuOOH] 2ϩ , 1 H ϩ 0 e Ϫ -The resulting most likely hydrogenabstracting species is [CuOOH] 2ϩ . It will be discussed first, before covering the results of the alternatives and arguing why they are unlikely.
Although an accurate calculation of the protonation event of the abstracting species [CuO 2 ] ϩ ϩ H ϩ 3 [CuOOH] 2ϩ is computationally intricate, one can assume a quite low pK a value for the [CuO 2 ] ϩ species. Recent results by Peterson et al. (60) on a copper superoxo species in a different environment also suggest a low pK a . Because an accurate calculation of pK a values is always tricky, we consider for the [CuO 2 ] ϩ species the range of 0 Ͻ pK a Ͻ 4. This means that the free energy difference between [CuO 2 ] ϩ ϩ H ϩ and [CuOOH] 2ϩ is between 20 and 40 kJ mol Ϫ1 , which follows from ⌬G ϭ ϪRT ln 10(pK A Ϫ pH). Even if the energy difference between the unprotonated and protonated species is as large as 40 kJ mol Ϫ1 , the low barrier for the hydrogen abstraction by [CuOOH] 2ϩ as compared with [CuO 2 ] ϩ makes the former a better candidate for the hydrogen abstraction than the latter.
We calculated mechanisms for three different geometrical configurations that are displayed in Figs. 3 and 4, a, d, and g, respec- tively. The first one (snapshot 1) is taken from an MD simulation of [CuO 2 ] ϩ with one proton added in the subsequent QM/MM calculations (Fig. 4a ). The other two (snapshot 2 and 3) are taken from an MD run with [CuOOH] 2ϩ in the active center ( Fig. 4, d  and g, respectively) .
In the reactant state ( Figs. 3 and 4, a, d, and g) , copper is coordinated in a trigonal-bipyramidal manner in snapshot 1. OOH and N⑀ of His-244 are the axial ligands, and S of Met-314, N⑀ of His-242, and a water molecule are the equatorial ones. Compared with the tetrahedral coordination in the crystal structure, an additional water molecule completes the coordination of copper. Another water molecule would be available in the QM part for further coordination to copper, but it stays in the bulk. Geometric data are given in Fig. 3 and in Table 2 . In snapshot 2, copper is coordinated in a squareplanar manner, including one water molecule, with S of Met forming an additional axial ligand with a large distance (2.748 Å) from copper. Finally, in snapshot 3, copper is in a stretched octahedral environment, including two water molecules. S and the water ligand in the trans position to it are more distant from copper than the other ligands. These coordination shells are roughly preserved during the mechanism of hydrogen abstraction. However, in snapshots 2 and 3 the Cu-S bond is broken during the hydrogen abstraction process. Therefore, the Cu-S distance increases from 2.748 to 3.878 Å in snapshot 2 and from 2.805 to 3.135 Å in snapshot 3 ( Fig. 3 and Table 2 ).
In the reactant state of each snapshot, the proton of the hydroperoxide points toward a water molecule. Thus, proton abstraction from such a water molecule via a Grotthuss chain could be a plausible route for protonation. In snapshot 2, this water molecule is quite close to the C-terminal carboxylate group of the glycine substrate. The latter may be part of the proton delivery channel. Actually, the geometry shown in Fig. 4d for the singlet is isoenergetic with a protonated carboxylic acid and a [CuO 2 ] ϩ species, with an energy barrier lower than 3.5 kJ mol Ϫ1 between the minima (Fig. 3) . So, at room temperature, the extra proton will be moving back and forth from the carboxylic acid to the abstracting species (see supplemental material). The triplet structure is only stable with the proton transferred to the carboxylate, which accounts for the comparably short O-O distance of 1.290 Å in Table 2 . The orientation of the water molecules in snapshots 1 and 3, however, is not favorable for this proton jump to happen (Fig. 4, a and g The reactant state, [CuOOH] 2ϩ , can formally be described by either Cu 3ϩ OOH Ϫ , in which both components would be singlet, or Cu ⅐ 2ϩ OOH ⅐ 0 , in which both components are doublets, which can couple to a singlet or a triplet. In a density functional description, the latter singlet would be represented by an open-shell singlet (spin contamination). In snapshots 1 and 2, the triplet state is slightly lower in energy than the singlet (the latter is closed-shell in snapshot 2 but open-shell in snapshot 1). In snapshot 3, the singlet state is lower by 25.4 kJ mol Ϫ1 (Table 3) . These small energy differences are below the accuracy that can be expected from density functional theory for singlet-triplet splittings. The pure singlet states of snapshots 2 and 3 can only be described by Cu 3ϩ OOH Ϫ , although the triplet states as well as the open-shell singlet of snapshot 1 are probably best described by Cu ⅐ 2ϩ OOH ⅐ 0 or a mixture. Thus, the copper atom already reduced the dioxygen moiety by one or two 
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internal reduction equivalents even before hydrogen is abstracted or the system is further reduced by external electrons. However, it should be noted that an assignment of formal oxidation states from electronic structure calculations is generally ambiguous. The reaction is an abstraction of a radical hydrogen atom. The transition states are noticeably higher (by 24.0, 29.0, and 29.4 kJ mol Ϫ1 in snapshots 1, 2, and 3, respectively) in energy in the triplet channel (ferromagnetic coupling between the spin on copper and the emerging spin on C␣) than in the antiferromagnetic open-shell singlet channel (Table 3 ). This can qualitatively be explained by superexchange-like interaction between the carbon radical and the copper spin center. Therefore, the reaction will take place via the singlet channel. This finding agrees with previous calculations (21, 61) , although the abstracting species used there was different. Our thermally averaged reaction barrier is 24.4 kJ mol Ϫ1 .
After the hydrogen abstraction, in the intermediate state, the active site is a [CuOHOH] 2ϩ biradical with copper in the Cu 2ϩ form (d 9 ) and a carbon radical at the glycine-␣ position, which is stabilized by both neighboring groups as follows: the carboxylate and the amide bond (Fig. 5) . The intermediate state is an open-shell singlet in all snapshots. Although the corresponding triplet structures are not much higher in energy, all three have a negative band gap, the highest occupied ␣ orbital is higher than the lowest unoccupied ␤ orbital. They are not relevant for the reaction mechanism.
The energy barriers as well as the primary and secondary KIEs at 37°C are shown in Table 3 . Triplet values for KIEs are FIGURE 5. Spin density (contour ؎ 0.005 atomic units, orange, positive value; green, negative value) given for the sake of completeness only. For the singlet channel, the T c is small enough to justify the approximation by an Eckart barrier to estimate tunneling at 37°C. KIEs are slightly lower than the ones found experimentally (10.6 Ϯ 0.8 at the same temperature (23)) but still higher than the one expected when the zero-point energy, but not tunneling, is taken into account (ϳ5), so tunneling does account for a significant part of the KIEs observed. Calculated secondary KIEs are also somewhat smaller than the ones found experimentally (ϳ1.08 and 1.20, respectively).
For the reaction to proceed, it is necessary that the barrier for hydrogen abstraction from the substrate is lower than the barrier for proton abstraction from water by the reactive species. The energy barrier for proton abstraction is higher than 90 kJ mol Ϫ1 (snapshot 2). Thus, [CuOOH] 2ϩ has a higher affinity for a hydrogen from glycine than a proton from water.
We have thus seen that our proposed [CuOOH] 2ϩ species can account for the glycine hydrogen abstraction. Its energy barrier is reasonably low, and KIEs for this step are similar to those observed experimentally. It also agrees with the experimental finding that there exists an intermediate electronically equivalent to Cu(I)-O 2 (27) .
Other abstracting species were considered as well. The two protons can be taken from the environment at any time (before or after the hydrogen abstraction). The electron transfer from Cu H to Cu M can occur at any stage as well. This means that there is a total of six possible abstracting species that need to be considered.
Note that we have used a different basis set for the calculations shown above for [CuOOH] 2ϩ (def2-TZVP) than used for the comparison of the other abstracting species (def2-SVP). However, the energy differences depend only weakly on the basis set. As an example, the energy barrier for [CuOOH] 2ϩ in snapshot 2 is 54.0 kJ mol Ϫ1 using a def2-SVP basis set to be compared with 46.0 kJ mol Ϫ1 obtained with def2-TZVP ( Table  3 ). The zero point energy corrections were neglected in this comparison. The numerical value of these corrections for an hydrogen atom abstraction is around 10 -15 kJ mol Ϫ1 . Taking them into account does not change any of the arguments given below.
[CuO 2 ] ϩ , 0 H ϩ 0 e Ϫ -This is the abstracting species first proposed by Chen and Solomon (19) based on gas phase calculations. It assumes that hydrogen abstraction occurs prior to any protonation or electron transfer. However, as pointed out by Crespo et al. (21) , the energy barrier is very high when the protein environment is taken into account. They obtained 104 and 84 kJ mol Ϫ1 for the triplet and singlet configuration that is very similar to our numbers, 110.5 kJ mol Ϫ1 in the triplet state and 72.6 kJ mol Ϫ1 in the open-shell singlet. The reaction rate would be very low, so [CuOOH] 2ϩ is a more plausible species for hydrogen abstraction than [CuO 2 ] ϩ .
[CuO 2 ] 0 , 0 H ϩ 1 e Ϫ -This species was first suggested by Prigge et al. (7) . One electron is transferred from Cu H to the abstracting species before the reaction proceeds. Two possible spin configurations are possible, doublet and quadruplet. Because the quadruplet configuration has an energy 219.8 kJ mol Ϫ1 higher than the doublet, we conclude that the reaction would proceed through the doublet configuration.
The abstraction of a proton from water has a smaller energy barrier (ϳ20 kJ mol Ϫ1 ) than abstracting the hydrogen from glycine (ϳ140 kJ mol Ϫ1 ), so this cannot be the abstracting species. We use nudged elastic band calculations without a climbing image because of the large barrier differences in this case, so the barrier values are approximate. Abstracting one H ϩ from the environment turns [CuO 2 ] 0 into [CuOOH] ϩ , which will be discussed next.
[CuOOH] ϩ, : 1 H ϩ 1 e Ϫ -The energy barrier for the glycine hydrogen abstraction by [CuOOH] ϩ is 168.4 kJ mol Ϫ1 . It is so high that this reaction will not take place at room temperature, so we can discard it. This species was also discarded by Chen and Solomon (19), Crespo et al. (21) , and Kamachi et al. (22) in dopamine ␤-monooxygenase.
[CuO ϩ H 2 O] 3ϩ , 2 H ϩ 0 e Ϫ -Crespo et al. (21) showed that two protonations lead to a dissociation of the abstracting species into a water molecule and a copper-oxo species that potentially can abstract the hydrogen from glycine.
In this highly oxidized and protonated case, copper has a formal oxidation state of ϩ5. So this is highly unlikely to be stable enough to be a realistic abstracting species. QM/MM optimization leads to a spontaneous hydrogen abstraction and OH rebinding. A spontaneous reaction cannot explain the large KIE measured experimentally.
[CuO ϩ H 2 O] 2ϩ , 2 H ϩ 1 e Ϫ -We obtain the same results as Crespo et al. (21) ; [CuO] 2ϩ spontaneously abstracts the hydrogen from glycine. The OH rebinding is also spontaneous. As in the previous case, a spontaneous reaction cannot explain the large KIE measured experimentally, so we can exclude it as the abstracting species.
At this point we should point out the similarity of this case with our suggested mechanism. Although in our proposal the hydrogen abstraction is carried out by the singly protonated [CuOOH] 2ϩ species, the OH rebinding implies a second protonation and an electron transfer to the active site of our model, just as in this case. One may ask when the second protonation is more likely, before or after the hydrogen abstraction. Chemical intuition suggests that the second protonation is easier once the H ⅐ from glycine is abstracted (because of the charge stabilization). Our calculations also point in that direction.
[CuO ϩH 2 O] ϩ , 2 H ϩ 2 e Ϫ -Kamachi et al. (22) and Crespo et al. (21) claimed this to be a possible abstracting species. It would be the result of a protonation of [CuO 2 ] ϩ , an electron transfer from Cu H , and a hydrogen abstraction from a neighboring residue (62) . The resulting species dissociates to a water molecule and [CuO] ϩ . Tyr-79 and Tyr-318 were considered to be a potential source of the hydrogen atom (36, 63) , but Francisco et al. (36) found no significant change in the reaction rate after mutagenic experiments. An alternative source of hydrogen has not been suggested up to date.
We include this species only to compare with previous calculations on [CuO] ϩ . Two spin states are possible. The reaction is spontaneous in the singlet channel, and it has a very small energy barrier (2.0 kJ mol Ϫ1 ) in the triplet state. Crespo et al. (21) also obtained a small barrier for the [CuO] ϩ species. Even if the reaction proceeds through the triplet channel, the KIE will be very small, because of the low barrier, so we can also deduce that this is not the reaction mechanism.
Second Step, OH Rebinding
We have shown that the first and rate-limiting part of the reaction (the hydrogen abstraction) only proceeds after one proton was taken up from the environment. The hydrogen abstraction results in [CuOHOH] 2ϩ . Still, another proton is going to be consumed by the end of the reaction, as well as one electron is going to be transferred from Cu H to Cu M . This can happen either before or after the OH rebinding step. We have tested these possibilities.
We have found that the second protonation and the electron transfer actually occur before the OH rebinding. In the following we will describe the details of this OH rebinding mechanism.
[CuOHOH 2 ] 3ϩ , 2 H ϩ 1 e Ϫ -We have first simulated the extra proton take-up. This entails one question. Where should the extra proton be placed? By turning several waters into hydronium ions, we have found that it usually ends up at the C-terminal carboxylate of the substrate. This happens in snapshots 2 and 3. However, in snapshot 1, the proton is absorbed by the [CuOHOH] 2ϩ moiety, which dissociates into [CuOH] 3ϩ ϩ H 2 O. In all cases, the distance between this extra proton and O2 is very small (0.99, 1.58, and 1.56 Å for snapshots 1, 2, and 3, respectively).
We have checked the possibility of the reaction to take place after this extra proton is delivered. The reaction can indeed proceed after the protonation. The energy barriers are smaller than in the hydrogen abstraction step (the thermally averaged barrier is 14.6 kJ mol Ϫ1 ). This means that the hydrogen abstrac- tion is the rate-limiting step, and thus, this mechanism is in agreement with experimental evidence (24) . Table 4 shows the reaction energy and the barriers for the three snapshots; Fig. 7 shows the geometries of the double protonated intermediate state ( Fig. 7, a, d, and g) , the OH rebinding transition state ( Fig.  7, b, e, and h) , and the products (Fig. 7 , c, f, and i) for snapshots 1 (Fig. 7, a-c) , 2 ( Fig. 7, d-f ), and 3 ( Fig. 7, g-i) . All this geometrical information is summarized in Fig. 6 . We should warn here that, because a proton is irreversibly delivered after the hydrogen abstraction, there is barely a reason to worry about the energy barrier of the backward reaction in the first step (hydrogen abstraction).
In the following, we will point out the differences found between the three calculated snapshots. In snapshot 1, after the proton take-up, the energy barrier for OH rebinding is very small. This is because the O-O bond is already broken, and the product water molecule is already formed. The 10.7 kJ mol Ϫ1 energy barrier comes, to a large extent, from the breaking of the Cu-O1 bond.
In snapshots 2 and 3, however, the O-O bond is not yet broken after the proton take-up. This is mainly because the carboxylic acid of the substrate is protonated, instead of the [CuOHOH] 2ϩ species (Fig. 6 ). However, the structure adopts a favorable form for water desorption, as can be seen in Fig. 7, d and g. The energy barrier for this case is larger than for snapshot 1, because the O-O bond still needs to be broken. In the case of snapshot 2, this energy barrier is 21.6 kJ mol Ϫ1 , and for snapshot 3 it is 21.9 kJ mol Ϫ1 . It is worth commenting that in snapshot 3 the Cu-O bond is significantly weakened after the proton adsorption (Cu-O distance, 3.11 Å), although the effect is weaker in snapshot 2 (Cu-O distance 2.18 Å). The reason for this may be related to the Cu-S bond. In snapshot 2, the Cu-S bond is broken, whereas in snapshot 3 it is not. This suggests that the presence (absence) of the Cu-S bond is related to the ability of copper atom to keep the hydrogen peroxide molecule bound once the hydrogen from glycine is abstracted. However, taking into account the strong hydrogen bond between the O2 and the hydrogen from the carboxylic acid, as well as hydrogen bonds with other solvent atoms, and a weak (but not negligible) Cu-O interaction, we conclude that our active site is stable enough to be able to hydroxylate the glycine radical.
However, if we simulate an electron transfer from Cu H to Cu M after the proton addition, by adding an electron to our QM subsystem, then the OH rebinding is spontaneous for snapshots Geometries of the double protonated intermediates (a, d, and g), transition state (b, e, and h), and product (c, f, and i) of snapshots 1 (a-c),  2 (d-f), and 3 (g-i) . No extra electron is considered. See Fig. 4 for the representation.
1 and 2. For snapshot 3, however, the reaction is not spontaneous, although the energy barrier is smaller than for the case with no electron transfer (Table 4 ). Thus, we conclude that the OH rebinding step happens after a proton is taken up from the environment and an electron is transferred from the Cu H atom.
At this point, we should point out the difficulty of simulating a proton adsorption. A rigorous study of the OH rebinding step should include much larger statistics; this means several snapshots and pK a calculation of the different proton acceptors, which is far beyond the scope of this work. Here, our emphasis lies on a plausible mechanism for the OH rebinding. Such a detailed study may help to reach a consensus in the OH rebinding mechanism in PHM and should be studied in the future. The three snapshots studied here lead to different reaction paths, but all of them explain the experimental evidence (OH rebinding is not rate-limiting). The differences between our snapshots are a good indication that we are mapping different regions of the configuration space, which means that we are able to capture a large part of the statistics with a small number of snapshots. To sum up, we have shown evidence that the OH rebinding follows the second protonation and electron transfer from Cu H . The OH rebinding with no extra protons or electrons will be described in below.
[CuOHOH] 2ϩ , 1 H ϩ 0 e Ϫ -In this case, no extra protons or electrons are taken from the environment after the hydrogen abstraction and before OH rebinding. We have calculated the energy barrier of this, and we have found that the energy barrier is too high (69.5 kJ mol Ϫ1 ). It is important to note here that the backward energy barrier is 13.2 kJ mol Ϫ1 (thermal average). This means that backward reaction is favored over OH rebinding and that the OH rebinding step would be rate-limiting. This is against experimental evidence, so the reaction will not proceed this way.
SUMMARY
PHM is prototypical for monooxygenases with noninteracting copper atoms. Until now, several mechanisms have been proposed from the theoretical and experimental side, but they disagree with the experimental evidence or with the theoretical calculations. In this study, we compare several possible mechanisms on equal footing. We propose a mechanism that is consistent with our theoretical calculations and agrees well with the experimental results.
In our mechanism, the solvent-exposed [CuO 2 ] ϩ species is protonated. The resulting [CuOOH] 2ϩ species is able to abstract the glycine pro-S hydrogen atom in the singlet configuration with a small energy barrier (thermal average at 300 K of 24.4 kJ mol Ϫ1 ). Even though the barrier is small, significant KIEs (6.2-7.7) are found within the Eckart barrier approximation.
This proposal is in agreement with experimental results; the energy barrier is not very large and is smaller than a water proton abstraction by [CuOOH] 2ϩ . The KIEs found imply that hydrogen is transferred partly by quantum tunneling, although tunneling is not the main cause of the catalytic effect. Moreover, our proposed abstracting species is in agreement with the experimental conclusion that there should be an intermediate electronically equivalent to Cu(I)-O 2 (27) .
Another protonation and an electron transfer from Cu H makes the OH rebinding step an (almost) spontaneous process and thus not rate-limiting. In Fig. 8 , we show an overview of our proposed mechanism.
According to general reaction stoichiometry ( Fig. 1) and experimental findings, one can think of other abstracting species (Table 1 and Fig. 9 ). Two electrons are provided by ascorbate at the beginning of the reaction cycle and reduce the Cu H (II) and Cu M (II) to Cu H (I) and Cu M (I) (16) . However, an electron transfer from Cu H to Cu M is likely to happen at some point during the reaction (7, 9 -12) . Moreover, two protons are taken from the environment. All of this may happen before the hydrogen abstraction. We have studied the resulting six possible abstracting species, and we have found that only two reaction mechanisms are in agreement with experimental evidence (Fig. 9 ). Although [CuO 2 ] ϩ is a plausible abstracting species, its , FIGURE 8. Mechanism proposed in this paper. See text for details. FIGURE 9. Possible abstracting species. Green denotes the most likely mechanism. The ones colored in red are not plausible (the arguments are specified in the text), the one in yellow is plausible, but our mechanism has a lower energy barrier.
